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Abstract 

We discuss the sparticle mass patterns that can be realized in deflected mirage mediation scenario 
of supersymmetry breaking, in which the moduli, anomaly, and gauge mediations all contribute 
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I. INTRODUCTION 



Weak scale supersymmetry (SUSY % 
the standard model at the TeV scale 



is one of the prime candidates for physics beyond 
Low energy phenomenology of weak scale SUSY is 
determined mostly by the soft SUSY breaking terms of the visible gauge and matter super- 
fields. Those soft terms are required to preserve flavor and CP with a good accuracy, which 
severely constrains the possible mediation mechanism of SUSY breaking. Presently, there 
are three known mediation schemes to yield flavor and CP conserving soft terms*: gauge 
mediation 

aa 

, anomaly mediation |4( , and string dilaton or volume- moduli mediation |5| . 
In gauge and anomaly mediations, the radiative corrections due to the standard model (SM) 
gauge interaction play dominant role for the mediation, and thereby the resulting soft terms 
automatically preserve flavor and CP. For dilaton/moduli mediation, soft terms induced by 
the dilaton/moduli F-components preserve flavor and CP by different reasons. The cou- 
plings between the messenger dilaton/moduli and the MSSM matter fields preserve flavor 
as they are determined by family-universal rational numbers called the modular weight , 
and preserve CP as a consequence of the associated axionic shift symmetries 

So far, most studies of SUSY phenomenology have been focused on the cases that SUSY 
breaking is dominated by one of the dilaton/moduli, gauge and anomaly mediations. How- 
ever, recent progress in moduli stabilization suggests that it is a rather plausible possibility 
that moduli mediation and anomaly mediation are comparable to each other 

m 

, which 

can be naturally realized in KKLT-type moduli stabilization scenario [10]. The resulting soft 
terms show a distinct feature that sparticle masses are unified at a mirage messenger scale 



hierarchically lower than the scale of gauge coupling unification 



9j. Also a mixed scheme 



of anomaly and gauge mediations has been proposed before as a solution to the tachyonic 



slepton problem of anomaly mediation 11|. Recently, it has been pointed out that these 



schemes can be generalized to include the three known flavor and CP conserving mediations 



altogether 12l.ll3j]. Such a most general mixed mediation has been dubbed 'deflected mirage 
mediation' as sfermion masses are deflected from the mirage unification trajectory due to 
the presence of gauge mediation. 

In this paper, we wish to examine in more detail the sparticle mass pattern in deflected 



Even in these schemes, there can be dangerous CP violation from the Higgs /i and B parameters, which 
should be considered separately. 
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mirage mediation scenario, together with some phenomenological aspects of the scheme. The 
organization of this paper is as follows. In section II, we discuss a class of string-motivated 
effective supergravity models that realize deflected mirage mediation scenario. In section III, 
we analyze the renormalization group running of soft parameters to derive the (approximate) 
analytic expression of low energy sparticle masses in deflected mirage mediation, which can 
be used to interpret the experimentally measured sparticle masses within the framework 
of the most general flavor and CP conserving mediation scheme. We discuss in section 
IV the phenomenological feature of two specific examples, one with an accidental little 
hierarchy between m 2 Hu and other soft mass-squares and another with gluino NLSP, that 
can be obtained within deflected mirage mediation scenario. Section V is the conclusion. 

II. EFFECTIVE SUPERGRAVITY FOR DEFLECTED MIRAGE MEDIATION 

In this section, we discuss a class of 4-dimensional (4D) N=l supergravity (SUGRA) 
models that realize the deflected mirage mediation scenario. The models discussed here may 
arise as a low energy effective theory of KKLT-type flux compactification or its variants in 
string theory. The model contains first of all the MSSM gauge and matter superfields, V a 
and Qi, and also vector-like MSSM-charged exotic matter superfields, $ + $ c , which live on 
the visible sector brane. There are light moduli Tj, e.g. the Kahler moduli, stabilized by 
non-perturbative effects encoded in the superpotential, and also heavy moduli U p stabilized 
by flux, e.g. the complex structure moduli. Typically Im(T/) corresponds to an axion-like 
field, and thus the couplings of Tj are invariant under the axionic shift symmetry: 

{7(1)27 : Ti — > Tj + imaginary constant, (1) 

upon ignoring exponentially small non-perturbative effects. 

In KKLT-type compactification, moduli stabilization dynamics itself does not break 
SUSY since the flux and non-perturbative effects stabilize moduli at a supersymmetric AdS 
vacuum. Thus, to break SUSY and lift the vacuum to dS state, one needs to introduce a 
SUSY breaking brane separately. This SUSY breaking brane might be an anti-brane that 
exists in the underlying string theory, or a brane carrying a 4D dynamics that breaks SUSY 
spontaneously. An important feature of KKLT-type compactification is that it involves a 
highly warped throat produced by flux. In the presence of such a warped throat, SUSY 
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breaking brane is stabilized at the tip of throat where the potential of the position modulus 
is minimized. On the other hand, to implement the high scale gauge coupling unification in 
the MSSM, the visible sector brane should be stabilized within the internal space at the UV 
end of throat. This results in a warped separation between the visible brane and the SUSY 
breaking brane, making the visible sector and the SUSY breaking sector to be sequestered 
from each other 14|. To be specific, here we will consider a SUSY braking sector described 



by a Polony-like superfield Z having a linear superpotential. However, it should be stressed 
that the visible sector soft terms which are of our major concern are independent of how 
SUSY is broken at the tip of throat, and therefore our subsequent discussion is valid in cases 

n 

that SUSY is broken by other means, e.g. by an anti-brane [15j . 



A. Effective supergravity action 

With the above features of KKLT-type compactification, the 4D effective action can be 
written as 



£ 4n = / d*6CC* 



+ 

where 



(2) 



^mod ^matter ^polony 

+ tUmatter + WpolonyJ + h.C. 
^mod = Qmod(Up,U*,Ti + Tj), 

W mod = W &ux (U p ) + Y,MU P )e^ 2aiT ', 

i 

for a flux-induced superpotential Wf{ nx (Up) and the nonperturbative term e~~ 87T2aiTl with real 
parameter aj of order unity, 

^matter = ^ D^p, U* p , Tj + T* ) $ A * ^ ($ A = Qi, <£>, $ C , X) , 

A 

JU matte r = A $ (f/ p )X$$ C + K ^. P }* n + \\3k{U p )QiQjQ h , (3) 

M pl o 

where Qi are the MSSM matter superfields, $ + $ c are exotic vector-like matter superfields, 
and X is a singlet superfield giving a mass to $ + $ c , and 

(ZZ*) 2 



O 7 7* 

* 'polony " " 



4M. 2 



polony = M S 2 USY Z, (4) 



for a Polony-like field Z which breaks SUSY at the tip of throat. Here C is the chiral 
compensator superfield, f a are the gauge kinetic functions of the MSSM gauge fields, and 
we are using the SUGRA unit with M Pl = 1, where M Pl = ^G N /%n ~ 2 x 10 18 GeV. 

As Z is localized at the tip of throat, and thus is sequestered from the visible sector [jjj], 
there are no contact interactions between Z and the visible sector fields in the superspace 
action, which means y A , fa, \jk, an d k are all independent of Z. Also the axionic 
shift symmetry ([1]) requires that y A is a function of the invariant combination Tj + T/, the 
holomorphic couplings \jk, A$ and k are independent of Tj, and df a /dTj are real constants. 
To incorporate the anomaly mediated SUSY breaking, one needs to include the logarithmic 
C-dependence of f a and y A , which is associated with the renormalization group (RG) run- 
ning of the gauge and Yukawa couplings. Then, under the constraints from the axionic shift 
symmetry, f a and y A can be written as 

fa = fa(T I ,U p ) + ^\nC = J2kiT I + e(U p ) + ^ 2 \nC, 

i Mqut 

where b a and 7a are the one-loop beta function coefficient and the anomalous dimension 
of <& A , respectively, and kj are real parameters of order unity. Here we assume the gauge 
coupling unification around the scale Mqut — 2 x 10 16 GeV, which requires kj to be universal 
for the MSSM gauge kinetic functions f a . In fact, as f a corresponds to an Wilsonian gauge 
coupling, the one-loop coefficient of In C in f a depends on the corresponding regularization 
scheme. On the other, the 1PI gauge coupling does not have such scheme dependence. Here 
we have chosen a specific scheme that the one loop C-dependence of the 1PI gauge coupling 
is fully encoded in the Wilsonian coupling, for which b a is given by the one-loop beta function 
coefficient. 

As for the stabilization of X, one can consider two scenarios. The first scenario is that X 
is stabilized by the combined effects of the SUSY breaking by F° and the non-renormalizable 
operator nX n / Mp~[ 3 (n > 3). Another possibility is that k = 0, and X is stabilized by the 
radiative correction to its Kahler potential. In fact, both scenarios give a similar size of 
F x /X, while the resulting mass of X is quite different. In the first scenario, all components 



1 rn/Vcc* d i 

\ny A = \ny A (T! + t;, u p , u;) + — / (5) 

87r Jm„ut ^ 



of X get a mass comparable to the gravitino mass which is of (9(10) TeV 



On the 



other hand, in the second scenario dubbed 'axionic mirage mediation', the pseudo-scalar 
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component of X can be identified as the nearly massless QCD axion solving the strong CP 
problem, and its fermionic partner, the axino, gets a two-loop suppressed small mass relative 



to the gravitino mass 12]. 



As for the SUSY breaking sector, we have taken a simple example given by 

O - 77* ( ZZ *) 2 

"polony ^j^ 2 , 

polony = M S 2 USY Z, (6) 

where Msusy and M* are the two mass parameters for SUSY-breaking dynamics. Generi- 
cally, some moduli may have a non- negligible wavefunction value at the tip of throat. Then 
those moduli can have a sizable contact interaction with Z, which means that Msusy and 
M*, as well as the coefficient of ZZ* in f2 po i ony , become a nontrivial function of moduli. 
However, such an additional complexity does not affect our subsequent discussion, and thus 
here we consider the simple case that Msusy and M* are moduli-independent constants. At 
any rate, with the above form of fi po iony and M^ po i ony , the vacuum value of Z = z + 6z + F z 9 2 
is determined as 

(Z) = -%Ml VSY 9 2 , (7) 

where Co is the scalar component of the compensator superfield C. The scalar component 
z gets a mass 

m z ~ M S 2 USY /M„ (8) 

while the fermion component z corresponds to the Goldstino. Due to the warping, both 
Msusy and M* are red-shifted by an exponentially small warp factor at the tip of throat: 

Msusy ~ M, ~ e~ A M Pl , (9) 

where 

V4 P = e" 2A ^- (10) 
B. Integrating out heavy moduli and Polony-like field 

The flux- induced superpotential of U p can be expanded around its stationary point: 

w avx (u p ) = w Rux (u p ) + l ^Z^ouJ {Up ~ ^ )(f/g " 0q) + ' ' ' 

= + \ (Mu) pq (U p - U p )(U q -&,) + •>-, (11) 
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where U p denotes the stationary point of Wq ux : 

dW anx 



dU p 



0. (12) 



Due to the quantization of flux, for generic flux configuration, both wq and Mjj would be 
of order unity in the unit with Mp\ = 1. However, if SUSY breaking is initiated at the tip 
of throat with a red-shifted MgusY ~ e _A Mp;, we are required to consider a special type of 
flux configuration giving an exponentially small 

= W Rux \ Up =u p ~ e " 2A > (13) 
in order to get a nearly vanishing vacuum energy density schematically given by 

Kac=|M SU SY| 4 -K| 2 . (14) 

Still the flux-induced moduli mass matrix Mu generically has the eigenvalues of order unity. 
Therefore, in flux compactification scenario with SUSY breaking initiated at the tip of 
throat, one has the mass hierarchy: 

m 3/2 ~ e~ A m z ~ e~ 2A M U} (15) 

where 7113/2 is the gravitino mass, Mu denotes the supersymmetric mass of the flux-stabilized 
moduli Up, and m z ~ M| USY /M* is the non-supersymmetric mass of the scalar component 
of the Polony-like superfield localized at the tip of throat. 

With the mass hierarchy (fT5"|) . we can integrate out U p and z to construct the effective 
theory of light fields including the visible sector fields $> A = (Qi, $, $ C ,X), chiral compen- 
sator C, light moduli Tj, and the Goldstino z. This can be done by solving the following 
superfield equations of motion within the expansion in powers of the warp factor e~ A : 

\ & ( CC ,^A + C^mod = 



4 V dU p J dU % 

I'f) 2 ( nn* ^polony A 1 n ^9Wpokmy _ n 

where V 2 = V a T>a is the superspace covariant derivative. It is straightforward to find that 
the solutions are given by 

u so1 = u +o(— ^ 



c 



M| USY A 2 + 0(—,^ , (17) 
\m z m z J 



where A a is the Goldstino superfield defined as 

A" = 0" + -J— *« + ..., (18) 

JKi SUSY 

with the ellipsis denoting the Goldstino-dependent higher order terms. Note that T> 2 acting 
on light field eventually gives rise to an F-component which is of 0(m 3 / 2 ) up to a factor of 
G(8tt 2 ). 

One can now derive the effective action of light fields by replacing U p and Z with U^ 1 
and Z so1 . At leading order in e~ A , the effective action is obtained by simply replacing U p 
with U p , and Z with -M 2 VSY A 2 C* 2 /C: 

£ e flf = ^4D\ Up= (j p ,Z=-Ml VSY A^C*yC ■ ( 19 ) 

The resulting effective action is given by 



-cfr - I d 4 9 



- 3CC*e- K ^ /3 - C 2 C* 2 M S 4 USY A 2 A 2 



+ 



J d2e ( \ffW aa W* + C 3 W cS ) + h.c. ] , (20) 



where 



K eS = K (Tj + T*) + Z A (Tj + T;)$ A $ A *, 

ff = / a m) + T ^in^ = E^+ e +i^ ln ^ 

K ~X n 1 

W cS = w + J2 Aie- 8AlTl + -—J + A*X$$ C + -KjkQiQjQk, (21) 
for the moduli Kahler potential K and the matter Kahler metric Z\ determined as 



\u p =u p ' 



e- K »' 3 Z A = y A (U p ,U;,\n(CC*),T I + T*)\ Up=ijp . (22) 

The above effective action is defined at a renormalization point fi below the compactification 
scale, but above the mass of the exotic matter field $ + $ c . Note that this renormalization 
point can be higher than the masses of the integrated heavy moduli U p and Polony scalar 
z, while it should be lower than the mass scale characterizing the non-renormalizable in- 
teractions between the integrated fields and the remained light fields, which is of order the 
compactification scale or the GUT scale in our case. In the procedure to integrate out the 
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Polony scalar to obtain the Akulov-Volkov action of the Goldstino superfield, we have used 
the following identity for the Goldstino superfield in the flat spacetime limit 

ip 2 (A 2 A 2 ) = -A 2 (1 - 2id li Aa"A - 4A 2 d^ u d u A) , (23) 

and ignored the higher order Goldstino operators as well as the higher derivative operators. 



C. Supersymmetry breaking 

In the class of models discussed here, the SUSY breaking field Z is sequestered from the 
visible sector, and then the MSSM soft terms are determined by F c , F Tl and F x , which 
characterize the anomaly, moduli, and gauge mediation, respectively. As we have noticed, in 
order to get a nearly vanishing cosmo logical constant with Msusy/Mpj ~ e _j4 , one needs a 
special type of flux configuration yielding m^/Mpi ~ Wq/M pi ~ e~ 2A . On the other hand, 
nonperturbative dynamics generating the superpotential term Aje~ Sn2aiTl originates from 
the UV end of throat, and thus there is no significant red-shift for Aj. This suggests that 
A j are generically of order unity in the unit with Mp\ = 1, and then 

HAj/wq) ~ \n(M Pl /m 3/2 ) ~ 4tt 2 (24) 

for m 3 / 2 = O(10) TeV. In the presence of such a big hierarchy between wq and Aj, much of 
the physical properties of Tj and X can be determined without knowing the explicit form 
of their Kahler potential. For instance, Tj are stabilized near the supersymmetric solution 
of diW + (djK)W = with a mass 

m Tl ~ m 3/2 lia(Mpi/m 3 /2). (25) 

If k for some n > 3, X is stabilized at an intermediate scale with 

m x ~ m 3/2 . (26) 
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The resulting vacuum expectation values of the scalar and F components of Tj and X (in 



the Einstein frame) are given by (see Refs. 13|, ll8j for explicit derivations 



ln(M Pl /m 3/2 ) 



8tt 2 

/•'' 1 /•"" 



where 



T 7 + T; " ln(M Pi /m 3 / 2 ) C 



(27) 



f p = _ e K/2 R PQ (q qW + (a Qj RT)^)* (28) 

for $ p = (T/,X), and we have used ha.(Ai/wo) ~ ln(Mpi/m 3 / 2 ). 

As is well known, F c generates the anomaly- mediated soft parameters of O (F c /87r 2 ) 
4| at a high messenger scale around the compactification scale, while F Tl generates moduli- 
mediated soft parameters of O (F Tl ) [5] at a similar high messenger scale. In addition to 
these, the exotic vector-like matter fields $ + $ c give rise to a gauge-mediated contribution 
of O (F M */8ir 2 M$) at the messenger scale M$, where M$ and _F M * denote the scalar 

component and the F component, respectively, of the messenger mass given by 

J d 2 9 C 3 (m* + d 2 F M ^j <M> C . (29) 

In the SUGRA models of the form ( 12TT) . $ + $ c get a mass through the superpotential 
coupling A$X$$ C , and then 

M^ = lT = -—llT withM t = A t (A-). (30) 

The most interesting feature of these SUGRA models is that 

pTx ! F c 1 F x 



(31) 



Tj + T* 8tt 2 C 8tt 2 X ' 

independently of the Kahler potential. As a result, the MSSM soft parameters receive a 
similar size of contribution from all of the moduli, anomaly, and gauge mediations. 
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Another interesting feature is that the phases of F components are dynamically aligned 
to each other as 



arg 



F c ( F Tl 



arg 



El 

c 



El 
x 



0. 



(32) 



C \Tj + T* 

With this feature, soft terms preserve CP, although they receive a comparable contribution 
from three different origins. 



plays an essential role 



? or this dynamical alignment, the axionic shift symmetry (pQ) 
{J. To see this, let us note that one can always make in 
the superpotential to be real by an appropriate U(1)r transformation of the Grassmann 
variables, make Aj real by an axionic shift of T/, and finally make k real by a phase rotation 
of X, under which the Kahler potential is invariant. In this field basis, it is straightforward 
to see that Im(Tj) and arg(X) are stabilized at a CP conserving value, and therefore W, 
e~ 87r2a/Tl , and X have real vacuum values. As the Kahler potential is invariant under the 
axionic shift symmetry and the phase rotation of X, the resulting vacuum values of 
^7-, and F Tl are all real. 

In deflected mirage mediation, soft parameters can preserve flavor in a natural way. 
To satisfy the FCNC constraints, the following moduli-mediated sfermion masses and A- 
parameters are required to be (approximately) family-independent: 



A 



—F Tl F Tj * &Tj Ot* In (e- Ko ' 3 Zi) 
F Tl d Tl In (e-XoZiZjZ*) , 



(33) 



where Z^ is the Kahler metric of the MSSM matter field Qi. At leading order in the string 
coupling g st or the string slope parameter a', the Tf-dependence of Z^ is typically given by 



Zi = l[(Ti + T;) n * 



(34) 



where n) is the modular weight of Qi. If different families with the same gauge charges 
originate from the same type of branes or brane intersections, which is indeed the case in 
most of semi-realistic string models, the matter modular weights are family-independent 



rational numbers 



18 



19|, for which the resulting mf and A^ are family- independent. 



In the above, we have considered the models of deflected mirage mediation, in which 
the gauge messengers get a mass through the superpotential coupling A$X$$ C with X 
stabilized at an intermediate scale, either by radiative effects or by the higher dimensional 
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operator nX n /Mp t (n > 3). In fact, one can consider a different way to generate the gauge 

pM§ pC 
r^j 

M$ C 



messenger mass, which would still give 4^ ~ For instance, the gauge messengers may 



get a mass through the Kahler potential operator 



20] 



J d 4 6CC*(c^ c + h.c), (35) 



where c$ is a generic function of moduli. In this case, we have 



pM<s> pC 

2— with M$ = 0(m 3/2 ). (36) 



Met, C 



One may consider a more involved model 21(, in which the gauge messengers get a mass 
from 

J d 4 9CC* (^y x X*X + c $ $$ c + \cxX 2 ^j + y d 2 #C 3 (~«^ 3 + A$X$$ C ) + h.c, (37) 



where y x , c$, cx, ft, and A$ are again generic functions of moduli"'". One then finds [211 ] 

8 -xix 2 F c . , 
M7"-i|T^)- W " h M * = °(^). (38) 

where 

Ace,(3cx + a/ c x (c x - 8^x) 
2kc$ 

cx + - \/cx{c x -8y x ) 
x 2 - - . (39) 

It is also possible to have a model in which the ratio / takes a positive value of order 
unity, while the messenger scale is at an arbitrary intermediate scale |22j]. One such an 
example would be the model with a composite X having an Aflieck-Dine-Seiberg superpo- 
tential: 

j d 2 6C 3 (J^- + A$X$$ C ) , (40) 

where Ax is a dynamical scale hierarchically lower than Mqut an d I is a positive rational 
number. One then finds 

pM 9 o F c ( \ 3+l \ 1/(l+2) 

t— = -±-f— with M^(^) . (41) 
M$ l + l C \m 3/2 J v 1 



< Here we assume that all of these coefficients have real vacuum values. Unless, the model generically suffers 
from the SUSY CP problem. 
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III. SOFT PARAMETERS 



In this section, we examine the renormalization group (RG) running of soft parameters 
in deflected mirage mediation. In particular, we derive (approximate) analytic expressions 
of low energy soft parameters, expressed in terms of the SUGRA model parameters defined 
in the previous section. Our results can be used to interpret the TeV scale sparticle masses 
measured in future collider experiments within the framework of the most general mixed 
mediation scheme preserving flavor and CP. 



A. Soft parameters at scales above the gauge threshold scale 

We first examine the soft parameters at scales above the gauge threshold scale set by the 
gauge messenger mass M$. Our starting point is the effective SUGRA action (|2~TT) which 
has been obtained after integrating out the flux-stabilized heavy moduli and the sequestered 
SUSY breaking sector. At high scales above M$, but below the gauge coupling unification 
scale Mqut — 2 x 10 16 GeV, the running gauge coupling and the running Kahler metric of 
the MSSM matter superfield Qi are given by 

1 _ 6? , ( /i 2 



fiQi/y/CC*) Mfa) 16W n \CC*M GUT 



In^Wv^) = lnZ, + — / ^7*(/4 (42) 



where 



fa = J^fc/Tj + e, 
i 

Zi = n^ + ^T^ (43) 
I 

and b^ and 7, are the one loop beta function coefficients and the anomalous dimensions at 
scales between M$ and M GUT : 

b H a = -3T a (Adj) + ^T a (Q l ) + ^(T a ($)+T a ($ c )), 

i $ 

7l = 2^C 2 a (Q^-^|^- fc | 2 , (44) 

a jk 

where are the canonical Yukawa couplings given by 

^ijk 

y/e-KoZiZjZk 
13 



VijM = , _l 13 " = ■ (45) 



Here we have ignored the Tj-dependent Kahler and Konishi anomaly contributions to the 
running gauge coupling constants [241 ]. which are determined by Kq and Za, and also the 
UV sensitive string and KK threshold corrections. Those Tj-dependent loop corrections 
give a contribution of O (f^r) to soft parameters, which are subleading compared to the 
contributions which will be discussed below. We also put the superscript H for the high 
scale beta function coefficients in order to distinguish them from the low scale MSSM 
beta function coefficients. Note that the vacuum value of Re(/ a ) corresponds to the unified 
gauge coupling constant at M GUT : 

1 



Mfa) = 5> 7 Re(T 7 ) + Re(e) 



9gut 



(46) 



The soft SUSY breaking terms are parameterized as 



£ so ft = ml 



+ 



1 i _ _ _ 
-M a A a A a + -AijkyijkQiQjQk + h.c. 

2 o 



(47) 



where A a and Qi are canonically normalized gauginos and sfermions, respectively. Then at 
scales between M$ and M GUT , the running soft parameters are given by 

MM -- 



AjM 



-(F T 'd Tl +F c d c ) Hgl) 

-F T >d T Mgl) + ^gl{^ 

-[F Tl d Tl + F G dc)\n{^ kjk 



1 



m 2 M 



1 F c 
F T 'd Tl He-^Z^Zk) - — ( 7 , + 7j + lk )— , 

-(F T *d Tl + F c d c ) (F T 'd Tj + F c d c y\n(e- K ^Z t : 
-F^F^d Tl d T} He^Z t ) + JL ^ (^)* + 



h.c. - 



32tt ; 



r7i 



iC 



C 



(48) 



where 



li 



li 



li 



8tt z 



, d In Zi 
dlnfi 



F Tl 8 Tlll = 2 E C a 2 {Q l )F T 'd Tl g 2 a + ^J2 \y^\ 2 F T 'd Tl \n{e~ K « Z^Z, 



dji 

dlnfi 47r 2 



(49) 
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The above running soft parameters correspond to the solution of the following RG equa- 
tions"'": 



A A/T 

am a 
din// 

dAijk 


= a g 2 

1 


dlnfi 


4tt 2 
1 

+ 16vr 


dm 2 


1 


din// 


16tt 2 
1 

+ 8tt 2 



\c a 2 (Q t ) + C a 2 {Q 3 ) + C«(Q k )]g 2 a M, 



^klrn\yilm \ 



Im 



o jk 



with the boundary condition at the scale just below M GUT : 



M a (M GUT ) = M + 
Aijk(MGUT) = Aijk - 
m 2 (M GUT ) = m 2 + 



yd GUT' 



W UU± C 



167T 2 
1 

16^ 



\ F c 

li{M GUT ) + 7j{M GUT ) + lk(M GUT )j — , 



7i(M« 



Gt/TJ 



-J +hx - 



32tt 2 



Gt/Tj 



C 



where Y iy Y$ and Y$e denote the U(l)y charges of Qi, $ and $ c , respectively, and 

M ee F T ^ T/ ln(Re(/ a )) = ^5>F T *, 

= -F T 'F T J*d Tl d T} \n(e- Ko / 3 Z t ). 



mf 



(50) 



(51) 



(52) 



In view of (1421) . f a and 2j correspond to the gauge kinetic function and the matter Kahler 
metric at M G ut, and thus M , Ay/, and m 2 correspond to the moduli-mediated soft param- 
eters at M G ut- As most of our discussion will be independent of their explicit form, in the 
following, we will not use any specific form of the moduli Kahler potential Kq and the mat- 
ter Kahler metric Zi, but instead treat and m 2 as family-independent free parameters 
constrained by the SU(5) unification relations. 



* It is noted that the gaugino masses and ^-parameters are a linear superposition of the solutions for two 
mediations and "fi(p) is determined by the solution for moduli mediation at that scale. Thus, once we 
obtain the soft parameters for moduli mediation at an arbitrary scale, we can reconstruct those of mirage 
mediation without solving the RG equation again. 
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As was noticed in 9j, the RG equations (1501) with the boundary conditions (|5"T|) have a 
useful form of analytic solution. For the gaugino masses at \i > M$, one easily finds 



MM = M 



1 + 



8tt 2 



M n 



with the running gauge coupling constants: 

1 1 



and the mirage scale M mir given by 



M mir = M GlJT 



GUT 



a/2 



(53) 



(54) 



\M Pl J ' 

where a parameterizes the anomaly to moduli mediation ratio: 



(55) 



a 



F°/C 



M \n(M Pl /m 3/2 ) M \n(M Pl /m 3/2 ) ' 
For the A-parameters and sfermion masses, similar analytic expressions are available if 



(56) 



i) the involved Yukawa couplings are negligible, or 



I'll 



mf + m 2 + ml 



In such cases, one finds [9] 
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M 2 



1 for non-negligible Yukawa coupling y^. (57) 



Ajk(fJ-) = Aijfc- — (7i(/x)+7 i (/x)+7fc(/x))M ln 



^ 1 . , .. , i ;-' I.. / /' 



M„ 



4vr 2 



7i(^)M 2 ln 



imr/ OTT 



MM 



111 



where 



+ — YiIt(Yrh')g^)\n 



Tr(Ym 2 ) = ^ Ym 2 + ^ (Y $ m| + Y $c m|, 

i <!> 

for the t/(l)y charge operator Y. 

The analytic solutions of (1531) and fl58l) show that 



(58) 



(59) 



M a (M mir ) = M , A iifc (M n 



.4 



ijki 



m 2 (M n 



(60) 



if Tr(Ym 2 ) = 0, which is satisfied for instance when the moduli-mediated sfermion masses 
at Mgut satisfy the SU(5) unification condition and m 2 Hu = fh? H . In other words, the 
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soft parameters renormalized at // = M mir become identical to the pure moduli-mediated 
parameters renormalized at Mgut, obeying the unification condition. With this observation, 
M mir has been dubbed the mirage messenger scale as it does not correspond to any physical 
threshold scale 9j. Note that still the gauge couplings are unified at the conventional GUT 
scale M GUT ~ 2 x 10 16 GeV. 

If there exist non-negligible Yukawa couplings for which the mirage condition (137)1 is not 
satisfied, the above analytic solutions of and mf are not valid anymore. However, if 
there is only one such Yukawa coupling, one can still find a useful analytic expression for 
the running and mf. The results are presented in the appendix for mf {i = H u ,q 3 ,U3) 
and A Huq3U3 in the MSSM, including only the effects of the top quark Yukawa coupling. 



B. Soft parameters below the gauge threshold scale 

So far, we have discussed the soft parameters at scales above the gauge threshold scale M$. 
Those high scale soft parameters are determined by anomaly and moduli mediations, and 
the gaugino and light-family sfermion masses follow the mirage unification trajectory given 
by fl53|) and fl58|) . If there were no exotic matter fields $ + <£> c , soft parameters would follow 
these analytic solutions down to the TeV scale. However, in deflected mirage mediation, soft 
parameters at scales below M$ are deflected from the mirage unification trajectory due to 
the gauge mediation by $ + $ c . 

Let us examine how the low energy soft parameters are affected by $ + $ c which have a 
mass-superfield: 

J d 2 9C 3 (M$ + fl 2 F M *)$$ c + h.c. (61) 

To compute the low energy soft parameters, one can add the gauge threshold contribution 
at \i = M$ to the soft parameters of (!53|) and (!58|) evaluated at /i = M£ , and then apply 
the RG equation at lower scales. (Here M£ and denote the mass scale just above M$ 
and the scale just below M$, respectively.) The gauge threshold contributions at M$ are 
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given by 



AM a (M$) = -F-d\n(g 2 M) 



m=m _ + F ■ dln(g 2 M) 
-\^(M*)(— + 



AA ijk (M$) 



16tt 2 V M $ C 

F ■ «91n(Z^Z fc )| M=A/ - - F ■ dlniZiZjZk) 

pM<$ pC 



I 6^(7i(M $ -)- 7i (M+)) 



o. 



(F ■ d)(F ■ d) ln^(//)| M=M _ + (F ■ d)(F ■ d) InZ^)]^ 
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L (^( M -) - 7i (M+)) 
2C»(^)<£(M« 



pM<s> pC 



Ma 



(62) 



(167T 2 ) 2 

where F ■ d = F Tl dTj + F c dc + F M<s dM^, and we have assumed that there are iV$ flavors of 
$ + $ c which form the 5 + 5 representation of SU (5). 

We can now obtain the soft parameters at fi < M$ by solving the RG equation with the 
boundary conditions: 



M a {M~) = M a (M^) + AM fl (M$), 
A ijk (M^) = A ijk (M+) + AA ijk (M$) 
mj{M^) = m 4 2 (M+) + Am^M,), 



(63) 



where the soft parameters at M£ can be obtained from the high scale solutions, (153"]) and 
(I58"j) . by replacing /i with . Like the case of high scale solutions, it turns out that the 
resulting low energy solutions allow analytic expression which can be used to interpret the 



TeV scale sparticle masses. For instance, gaugino masses are given by 

1 



25 1 



MM = M{ 



cff 



\ mil 



(64) 



where 



off 



m; 



M eff 

mir 



RMn 



( m 3/2 \ 



a/2R 



b a 



MGUT ' 

-3T a (Adj) + ^T a (Q, 



(65) 
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for 



M = F Ti 3t i ln(Re(/ a )), 



R = 1 + 



a = 



8tt 2 



2/3 



™3/2 



In 



M 



Gl/T 



M« 







M ln(M„/m 3/2 )' 
F c /C 



(66) 



F M * /M<j, ' 

Here a and /3 parameterize the anomaly to moduli mediation ratio and the anomaly to 

gauge mediation ratio, respectively, M is the moduli-mediated gaugino mass at M GUT , and 

— 1/2 corresponds to the unified gauge coupling constant in the absence of $ + $ c , i.e. 

1 1 iV$ ^ Mqut 
+ — ^ In 



So 9 2 gut ' 8^ 2 



Ma 



The running A-parameters and sfermion masses at /i < M$ take a more involved form. 
Neglecting the effects of Yukawa couplings, we find 

1 / , \ . . I \i 



A ijk (jj) = A 



cff 



Hk g7r 2 



( /U )+7,(/i)+7 fe (/i))M cfr ln 



M efr 



\ mir 



cflf" ) g7r 2 
/i ' 



7i(/i) W 



In 



/i 



M5. 



M 



(67) 



where 



4 cfr 



(mf) 2 = m, 2 + 2(l-i?) 2 M 2 E C ' 2 a ^ 



ijk 



8tt 2 



1 - i?)M 7i(M$) + 7j (M*) + 7fc (M*) In 



M 



Gt/T 



Me 



+ 



8vr 2 



So 2 



1 

Mgut\ 

m<j, y 



In 



Here 



1 



S 2 (M* 



1 , &« + iV* ( M GUT \ 
H r-^ — m 



9gut 



8tt 2 



1 K 
-o + ^ In 



M<j> y # 2 8vr 



M GC7T \ 

m $ y 



(68) 



(69) 



where 6 a are the MSSM beta function coefficients. For the RG contribution associated with 
Tr(Fm 2 ), using the gauge invariance of Yukawa interactions and the anomaly cancellation 
conditions, we find 
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which vanishes when the moduli-mediated sfermion masses at Mgut are S"?7(5)-invariant 
and 171% = mi, §. 

Like the case that soft masses are dominated by one particular mediation, one can consider 
the sum rules of sfermion masses in deflected mirage mediation, which may be useful for 
identifying the structure of moduli mediation at M GUT . For instance, from (IdTI) and flSED, 
we find the following relations amongst the light-family squark and slepton masses^: 

= m \ -2ml + ™! -fa 2 + m 2 + hi ( JL] y Y^iMl), 

2m LM ~ m l„M - m l H (/ i ) - 2m J L W + m 3„M 

= 2^-m? s -m| a -2^ + ftI a + i«Mln(^)^y i m?(M t -), (71) 

where (Jl, q R = (u R ,d R ), l L , and e R denote the squark- doublet, squark- singlet, slepton- 
doublet, and slepton-singlet, respectively If the moduli-mediated sfermion masses at M GUT 
are S , f/(5)-invariant, i.e. 

and also fh\ u = m 2 Hd , the above sum rules give 

2m?» - ml» - mljji) - 2m\^) + m?» = 2m 2 w - 3m 2 , (73) 
indicating that these sum rules can be used to ascertain the existence of nonzero moduli- 



mediation as well as the GUT relations of the moduli-mediated sfermion masses 



27] 



§ We note that Af* k and (m° s ) 2 correspond to the soft parameters at M^ T after removing the trace term 
proportional to Y^. They are obtained by extrapolating the weak scale soft terms (subtracted anomaly 
mediation and the trace term) to Mqut neglecting the gauge threshold scale. It is obvious that the low 
energy soft parameters are summarized in the mirage mediation pattern using these effective parameters 
because the superposition of anomaly mediation and other mediations closes at each scale as in (|48[) and 
anomaly mediation can not distinguish the origin of other contributions at higher scale [261 ] . 

■ After the electroweak symmetry breaking, these sum rules are affected by the Z?-term contribution, which 
is of order M|. 
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For the effective SUGRA model f|2Tl) . which is a representative class of model for deflected 
mirage mediation, it is straightforward to compute a and (3, which gives 

Re(e) 



a ~ 1 + 



i 



71 — 1 

P = — ( n * 3), (74) 

where we have used \n(Ai/wo) ~ ln(Mpi/m 3 / 2 ). Here, the value of (3 for n > 3 applies to the 
model in which X is stabilized by the non-renormalizable superpotential term nX n / Mpf 3 , 
while the value of (3 for n = 3 applies to the model with k = 0, in which X is stabilized 
by the radiative correction to its Kahler potential. In view of underlying string theory, 
Re(e) corresponds to a higher order correction to the gauge kinetic function in the g st or a' 
expansion. This suggests that Re(e) is significantly smaller than Ej kiKe(Tj), and thus a 
has a value close to the unity. 

With (164j) and ( l67j) . providing the analytic expression of low energy soft parameters in 
deflected mirage mediation, one can take an appropriate limit to obtain the soft parameters 
in more familiar case dominated by a single mediation. Specifically, each single mediation 
corresponds to the limit: 

* Anomaly mediation : R — > 1, > 0, aMo = finite, = ml = 0, 

a 



1 

R 

* Moduli mediation : R — > 1, a —>■ 



* Gauge mediation : — — ► 0, RM = finite, = m i = 0, 

R 



while the mixed gauge-anomaly mediation (= deflected anomaly mediation) and the mixed 
moduli-anomaly mediation (= mirage mediation) can be obtained as 

1 a 

* Deflected anomaly mediation : > 0, — = finite, 

R R 

RM = finite, A^ k = m\ = 0, 

* Mirage mediation : R — > 1, 

Fig. [1] summarizes these different limits of deflected mirage mediation in the parameter space 
spanned by a and R. 

Soft parameters in case of multi-step gauge thresholds can be obtained by applying our 
results recursively. For instance, the gaugino masses after the n-step of thresholds are given 
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l/(R+a) 

FIG. 1: Parameter space of deflected mirage mediation spanned by a and R. Here AM, GM and 
MM denote anomaly mediation, gauge mediation and moduli mediation, respectively. 



by dHJ) with 



ttcff 



where 



Rr, 



1 + 



R n R n _i ■ ■ ■ R±M , 
a 

RnRn-l • • ■ R% 



n ( M Pl 
In 



(75) 



-In 



M, 



GUT 



Mi 



.Rn-i ■ ■ ■ Ri 2/3 n \m 3 / 2/ 
for N$ n denoting the number of the gauge messenger pairs at the n-th threshold scale M$ n , 
and p n is the anomaly to gauge mediation ratio for the n-th gauge threshold. Light-family 
sfermion soft parameters also can be written as (1671) with appropriately defined A^ k and 



m 



As we will see below, such parametrization provides a useful set-up to interpret the 



TeV scale sparticle masses within the framework of the most general mixed moduli-anomaly- 
gauge mediation. 



C. Sparticle masses at the TeV scale 



From and (|67|) . one can obtain the low energy sparticle masses at the TeV scale. If one 
assumes that the moduli-mediated sfermion masses at M GUT satisfy the SU(5) unification 
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condition and also fh 2 Hu = m 2 Hd , the gaugino and light-family sfermion masses in generic 
deflected mirage mediation at the renormalization point \x = 500 GeV are given by** 



Mi 
M 2 
M 3 



"4 



m l R 



mf 



Mf [0.43 + 0.29a cfT ] , 
Mf [0.83 + 0.084a eff ] , 
Mf [2.5 - 0.74a eff ] , 

m\ + {Mf) 2 [5.0 - 3.48a eff + 0.48a 2 ff + <%J , 
m\ Q + (Mf) 2 [4.6 - 3.29a eff + 0.49a 2 ff + <S fi J , 
m 2 + (M cfr ) 2 [0.15 - 0.045« cfT - 0.015« 2 ff + 
m 2 5 + (Mf) 2 [4.5 - 3.27« eff + 0.49a 2 ff + S Sr ] , 
m 2 5 + (Mf) 2 [0.5 - 0.22a cff - 0.014a 2 ff + Sf] , 



(76) 



where 



Mf = RM , a eS = a/R, 



Si = 



lm 



f) - 



(Mf)' 



for 



2(1 -fl) 1 
i? 2 



1 «£(M») , s 2 (M„) /1 + J2 g 2 a (M^ 



+ 



In 



Mi 



Gl/T 



(77) 



(78) 



N* gt Sir 2 \1-R g 2 J \ M $ 

One interesting limit of deflected mirage mediation is the pure mirage mediation in which 
there is no gauge- mediated contribution. In this limit, R — 1, and therefore 



M 



eff 



M , 



a eS = a, 



Si = 0. 



(79) 



Since the deflected mirage mediation provides a framework that involves all three promi- 
nent flavor and CP conserving mediation mechanisms, it is important to understand how 
does each mediation reveal its existence in low energy sparticle masses. From ( 1761) . one 
easily notices that anomaly mediation reveals itself through a nonzero value of a e ff, which 



can be read off from the gaugino mass pattern [25j. Once Mf and a e g could be determined 



from the gaugino masses, one may examine m~ L — m~ R and m| — m~ to see the existence 
of gauge mediation, from which Sg L — Si R and S^ r — Sj l can be determined. 



For colored sparticles, there can be a sizable difference between this running mass at fi = 500 GeV and 
the physical mass 28 1. 
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It is obvious that Si, particularly Sq L — Se R and Sj — St, are crucial for identifying the 
underlying mediation mechanism from the sparticle masses at TeV. Let us thus examine the 
possible values of Si in various models of deflected mirage mediation. The overall size of Si 
is determined by 



8tt 2 



iii n ( M pi \ _ ln ( M gut\ 



2(3 \m 3/2 J \ M$ J_ 



(80) 



where a/ (3 represents the gauge to moduli mediation ratio. If a/ (3 > 0, there is a cancellation 
between gauge and moduli mediations, reducing the size of R—l, and thus of Si. In particular, 
if the gauge messenger mass M$ is close to the scale 

MgUT \M^) ^ 10l6 ' 3 " 6 - 9Q/,3GeV ' (81) 

the cancellation is most efficient. For many of the representative SUGRA models discussed 
in the previous section, although the strength of gauge mediation is comparable to those of 
anomaly and moduli mediations, the resulting Si are small because of this cancellation. In 
such models, the predicted pattern of sparticle masses is quite similar to that of pure mirage 
mediation. 



Let us first examine Sg L — Sg R and S^ R — Sj l in the effective SUGRA model (J2TJ). In this 
model with k / 0, the gauge messenger mass is induced by the superpotential coupling 
A$X$$ C with X stabilized by K,X n /MpJ 3 (n > 3), which results in 

, = 2Z1, M t ^M H (^) I/M (82) 

where x = \$K 1 '( 2 ~ n > . As a ~ 1 at leading order in the g st or a' expansion in underlying 
string theory, we first focus on the case with a — 1. We then find 

| Sg L - 5, R I < 0.02^, | S 3r - S Il I < O.OliVo, (83) 

for the parameter range: a — 1, 4<n<6 and 10~( n ~ 3 ^ < x. For different value of a, they 
can have a bigger value, but still bounded as 

I Sg L - S, R | < 0.04^, | 6 iR - 5 1l I < 0.02iV $ , (84) 

for the parameter range: 0.5 < a < 2, A < n < 6, 10~( n_4 ) < x, and N$ < 8. A less 
stringent bound is obtained for the axionic mirage mediation model [12j , in which k = and 
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FIG. 2: Difference of 5i in deflected mirage mediation with a generic value of M$. The upper 
panels show 5g L — 5g R while the lower ones show — 6j l for N$ = 1,3,5. 

X is stabilized by the radiative correction to its Kahler potential, yielding (3=1. Provided 
that (X) is fixed at a scale between 10 9 GeV and 10 12 GeV as required for Im(X) to be the 
QCD axion, it is found that 

| Sg L -S Sr \ < 0. 16 iV*, | 5 iR - 8 h | < 0.08iV $ , (85) 

for 0.5 < a < 2 and N$ < 8. The above results for the models of fl2T]) show that 5q L —5e R and 
5^ R — 5j l are small over a reasonable range of model parameters, and therefore the predicted 
sparticle mass pattern is close to the pure mirage pattern obtained from (1791) . In Fig. [2J we 
depict the values of 5q L — <5g R and 5^ R — Sr in deflected mirage mediation scenario with a 
generic value of M$, where a, {3 and N$ are assumed as 0.5 < a/ (3 < 2 and 1 < N$ < 5. 
The models of §?B) typically give M$ > 10 9 GeV and 0.5 < a/ (3 < 2, for which - 5 gR 
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FIG. 3: Difference of <5j in deflected mirage mediation. The solid lines show the values for 
0.5 < a/(3 < 1 while the dashed ones for —1 < a/(3 < —0.5, with iV$ = 3. 



and 5 ( j R — 8j l have a small value as long as N$ is not unreasonably large. 

There are in fact some models which can give a sizable value of 8q L — 8g R and 8^ r — 8j l . 
One such example is a model with a negative value of a/ (3. For an illustration, we depict in 
Fig. [3] the values of 8g L — 8e R and 8^ r — 8j l for — 1 < a/ (3 < —0.5, and compare them with 
the values for 0.5 < a/(3 < I. 



Another scheme which can give a sizab 



deflected anomaly mediation U 
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e value of 8, 



t-lL 



5i a and 8^ r — 8^ would be the 



231 ] . in which there is no moduli mediation. Soft 



parameters in deflected anomaly mediation can be obtained by taking the limit: 1/R — ► 



and A ijk 



=;-,2 



ni 



0, while keeping RMq and a/R to have a nonzero finite value. The 



resulting sparticle masses at [A — 500 GeV are given by (JTSj) with 



off 



Mi 



«eff 



(mf) 2 = (MfY8 



16?r 2 (3 
16tt 2 







gl \n(Mpi/m 3/2 ) N$ 

eff\ 2 



10(3 



(86) 



where 8 { = J2 a C%(Qi)8 a with 
8 a = 2 



M, 



1 ff a 4 (M„) _ ff a 2 (M $ ) / ^(M $ ) 



Gl/T 



(87) 



Thus, in deflected anomaly mediation limit, Si are determined by just M$ and iV$. 
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FIG. 4: Difference of Si in deflected anomaly mediation for 2 < N§ < 5 with a generic value of 
M$. 

Let us examine the values of Sq L — Sg R and 5^ — 5j L in some specific models of deflected 
anomaly mediation. For the model ( 1371) . we have M$ = 0(777.3/2), while (5 can take any value 
of order unity. Keeping the perturbative gauge coupling unification requires N$ < 5, and 
tachyonic slepton can be avoided for 

- 0.25 - 0.35iV$ < (3 < 0.25 + 0.05A^. (88) 

We then find 

12 4 10 4 

5 qL - 5 Sr ^ -3.2 + — , ^-^-2.5 + —, (89) 

for M$ = (9(10) TeV. In Fig. HJ we consider more general situation with arbitrary value of 
M$, and depict 5g L — Sg R and 5^ r — Sj for 2 < N$ < 5. 

In fact, some models of deflected anomaly mediation are severely constrained by the 
condition to avoid tachyonic slepton, which typically requires a large value of N$. An 
example would be the model (1211 without the moduli Tj, which gives (3 = (n — l)/2 and 
M$ ~ Mpi(m 3 /2/ ' Mpi) 1 ^ n ~ 2 \ For the case of n — 4, we need N$ > 10 to avoid tachyonic 
slepton. On the other hand, the corresponding 5, are given by 



5.6 4.6 0.6 

^-0.74 + -, ^--0.59 + -, SiR = -0.10 + -, 

4 4 1 44 

^--0-56 + —, ^--0.22 + —. (90) 
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For N<s> = 10, which is the minimal value avoiding tachyonic slepton, 5i are all small, and 
then the model is difficult to be distinguished from the mirage mediation with a = 3/2 and 
rh\ = rhl = 0. Similar situation occurs for the case that X is stabilized by the radiative 
correction to its Kahler potential, e.g. with N$ = 10, M$ ~ 10 12 GeV and a — 1. 



IV. PHENOMENOLOGY OF SOME EXAMPLES 



In the previous section, we have examined generic feature of mass spectrum of deflected 
mirage mediation, assuming the SU(5) unification of matter multiplets. The effective su- 
pergravity models only containing the mass scales F c /C ~ 1113/2 and Mpi/gut, e.g. those 
of (I2TT) and (|35|) . predict the relation (IHTj) with a « 1. In such models, the low energy mass 
spectrum of mirage mediation (a ~ 1) is robust against the gauge threshold corrections. 
On the other hand, once we arrange the special form of Kahler and super potentials as in 
the model of ( 1371) . or introduce (explicitly or dynamically) a new mass scale other than 
M pi 1 gut as in the model of (HD1 . the mass spectrum can dramatically change as expected 
from Fig. [3j although a realization of such models is rather obscure in the string framework. 
In the following, we discuss two phenomenological applications of deflected mirage mediation 
representing these two cases. 



A. Accidental little SUSY hierarchy 



One of the virtues of the MSSM is the radiative electroweak symmetry breaking 29[]. The 
Higgs mass parameter, m 2 H is automatically driven to negative due to the renormalization 
group running by the top Yukawa coupling, even though it is given a positive value at some 



high energy scale, A. This radiative correction is controlled by the average stop mass, m 2 



t ' 



3 , „, / A 



Hk~-4^P"?M — )> ( 91 ) 



therefore, barring fine-tuning of the initial condition, we anticipate \m 2 Hu \ ~ m? for A hier- 
archically larger than m^. On the other hand, the lightest Higgs boson mass in the MSSM 
is approximated by 

#2 / /rri? N 



Mf^+M^mQ), (92) 
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where tan/5 = (H u )/(Hd). (Note that in the previous section f3 has been used to parame- 
terize the anomaly to gauge mediation ratio.) In order to fulfill the lower bound of the SM 
Higgs boson mass obtained at LEPII, > 114 GeV, we need the stop mass as heavy as 
m t ~ 600 GeV. Thus the Higgs mass parameter is generally expected to be \mn u | > 600 GeV. 
While one of the conditions of the electroweak symmetry breaking tells us 

f ~ - M 2 , (93) 

for tan/3 not too close to 1. Here fi is the higgsino mass parameter which does not break 

SUSY. (Note that in the previous section fi has been used to parameterize the renormal- 

ization point of running soft parameters.) This means that we are forced to fine-tune the 

parameters, m 2 H and |/i| 2 at less than 1 % level to obtain the observed size of Mz, despite 

these two parameters are expected to be not correlated. This not fatal but uncomfortable 

fine-tuning in the MSSM arising from the hierarchy between the electroweak scale and the 

□ 

SUSY breaking mass scale is called 'the little SUSY hierarchy problem' |30J. 

One obvious solution is having m 2 Hu ~ M§ <C m| by accident due to a choice of the 
boundary condition at A. However, in mirage mediation, it is not apparent whether one can 
achieve such a pattern or not, because the choice of the modular weights is discrete. The 
moderate modification of the spectrum by the deflection may help to obtain the desired mass 
pattern^. In Fig. and El we show such an accidental little SUSY hierarchy achieved by the 
deflected mirage mediation at a = 1, where we chose c„ ~. s r - = m 2 . _ 3 r . /M? = 0, 
cn u ,H d = ™h u ,hJMq — 1/2 and M = 1 TeV. In Fig. [5j we present the case that X is 
stabilized by the radiative effects in Kahler potential, while in Fig. [6], the case for stabilization 
by the higher dimensional operator in superpotential. The left panels adopt iV$ = 1 and 
the right ones N$ = 3. In all of them, the dashed curves denote the 3rd generations. In 
Fig. El the dot-dashed line indicates the gauge threshold scale at which the cancellation 
between gauge and moduli mediations leads to R = 1. For R = 1, neglecting the effects of 
Yukawa couplings, the sfermion masses simply reduce to the values in pure mirage mediation. 
The deviation associated with Yukawa couplings is also vanishing for R = 1 if the mirage 
condition (|57l) is satisfied for the moduli-mediated soft terms. 



tt For a different approach to this problem in mirage mediation, see [31(- It has also been argued that a 
negative stop mass-square at high renormalization point can reduce the fine-tuning [3^] . 
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FIG. 5: Accidental little SUSY hierarchy in deflected mirage mediation (a = 1) for the case that 
X is stabilized by the radiative effects in Kahler potential. The left panel shows the case for 
iV$ = 1 while the right panel for N$ = 3. In all of them, the modular weights are chosen as 



CM = ffl 2 . _ t r - 
qL,u R ,d R ,l L ,e R 



I Ml = and c H 



in 



H u ,H t 



I Ml = 1/2. Other SUSY parameters are set to 



tan/3 = 10 and Mq = ITeV. The vertical dashed lines indicate the predicted range of M$. The 
vertical dot-dashed line represents the gauge threshold scale leading to R = 1. 



For iV$ = 1, the effect of deflection is limited. However, for the case that X is stabilized by 
the radiative effects, we can obtain an improved hierarchy for iV$ = 3 and M$ ~ 10 6-7 GeV, 
which is within the plausible range of this stabilization mechanism indicated by the vertical 
dashed lines 12|. In this case we need to break the PQ symmetry slightly to make the 



axion heavy so that it will not be produced in astrophysical processes and evade the bound, 
10 9 GeV < M$ coming from the burst duration of supernova SN1987A and the cooling 



of globular-cluster stars and white dwarf 



33J. In Fig. [HI which is for the case with X 



stabilized by the non-renormalizable superpotential term, the vertical dashed line shows the 
gauge threshold scale predicted for n = 4 with x = 1 in (!82|) . Again, we have an improved 
hierarchy for N$ = 3. In both cases, we need a mechanism to generate [i and B/j, terms of 
appropriate size, which does not disturb the mass spectrum. For instance, in the first case 
we can employ the mechanism described in III, ll2|] in weak coupling limit, which employs 
a term (X^ /X) H d H u + h.c. in the Kahler potential to generate the desired values of \x and 
In the second case, we can use the same mechanism by introducing another singlet X' 
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FIG. 6: Accidental little SUSY hierarchy in deflected mirage mediation (a = 1) for the case with 
X stabilized by the higher dimensional operator in superpotential. SUSY parameters and modular 
weights are same as in Fig. [5) The vertical dashed line indicates the predicted value of M$. 

stabilized at M mir by the Kahler potential, which minimizes the deflection (see ( 1ST]) ). 



B. Gluino lightest supersymmetric particle in deflected mirage mediation 

As we have seen in the previous section, we can considerably reduce R (or increase a e s) 
fr0m 1 if we Ch08 e the spee.al forSL o f KeMer and _ t en ti al © Q 

or use the negative 



power superpotential for X (J40 



13 



22| . In such a case, we have possibilities that the lightest 
supersymmetric particle (LSP) becomes gluino (cv e g ~ 3) or wino (a e s ^> 1) as shown in 
Fig. 1 of [9]. On the other hand, in contrast to mirage mediation, (mf 1 ) 2 does not vanish in 
the limit Mq (R) — > as seen in (168jl . This considerably dilutes the renormalization scale 



dependent part in (1671) relative to the constant term, which 



eads to the 'quasi-infrared- 



131 ] . This effect makes squarks 



fixed-point' behavior of the scalar mass as first observed in 
and sleptons somewhat heavier than the gauginos for small R (M$) as shown in Fig. [7J 
Therefore a direct production of the squarks or sleptons at hadron collider is suppressed. 
Their on-shell states also can not appear in the cascade decay of gluino in the wino LSP 
case. As the physics of the wino LSP has been extensively examined in association with the 



anomaly mediation 



34 



351 ]. here we will focus on the more exotic case: the gluino LSP. 
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FIG. 7: Gluino and wino LSP in defected mirage mediation (a = 1). The dashed curves indicate 
the 3rd generation. The left panel shows the case for (3 = — 1 and the right for (3 = —1/2. All the 
modular weights are chosen so that q = iti?/Mq = 1. Other parameters are chosen as tan/3 = 10, 
M = 1 TeV and iV$ = 3. 



Phenomenology o 



ious motivations 



recently 41 



42 



36 



43 



;he gluino LSP or meta-stable gluino has been investigated from var- 



37. 



44 



3 



38, 



39 



401 ]. particularly in the context of split supersymmetry 



461 ] . Most of the analyses can be directly applied to our case. 
We summarize some of the results below. 

Since squarks are somewhat heavier than gluino in the present scenario, gluino is mainly 
produced via the processes, qq — ► g* — > gg or gg — ► g* — > gg at the hadron collider such 
as Tevatron and LHC While at the lepton collider it is always produced in association 
with quarks, ee — > qq — > qqgg since the leptons are color singlets. The produced gluino 
hadronizes into a color-singlet composite state called R- hadron j^]. The bound states 
of gluino and color-octet hadron, gg, gqq and gqqq are known as R-gluon, R-meson and 
R-baryon, respectively. Phenomenologically, the most relevant question is the stability of 
the charged particles which leave tracks in the detector. It depends on the identity of the 
lightest R-hadron and their mass differences. The mass spectrum of R-hadron is estimated 
by the MIT bag model 48] and the quenched lattice simulation 49J which predict iso-triplet 
vector R-meson and R-gluon (J PC = l + ~) as the lightest R-hadron, respectively. In both 



cases their mass difference is smaller than the pion mass. Thus the vector R-meson is stable 
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against hadronic decay. The mass difference of the lightest R-baryon and the ground state of 
R-gluon or R- meson is also estimated to be smaller than the nucleon mass and the R-baryon 
is stable 



38 



48 



49| . Therefore the probability for gluino to hadronize into the charged 



states, P is expected to be non- negligible, although the reliability of such a conclusion is 
limited by those of the calculation method and adopted assumptions. 

Inside the detector the R-hadron deposits energy via hadronic interaction with nucleus 
and, if it is charged, ionization of the detector material. The gluino is typically produced with 
momentum similar order of its mass (mj ~ 100 GeV) and thus the R-hadron is relativistic 
but slow, (3 < 1. The energy involved in the hadronic interaction is approximated by 

Therefore the interaction is 



Q = y/s — rriR — rriN ~ (7 — 1)^tv with 7 = 1/y 1 — (3 2 
soft nevertheless the energy carried by the R-hadron is huge (~ 100 GeV). Then the neutral 
R-hadron traverses the detector repeatedly kicking off the nucleon inside the nucleus and 
the soft secondary particles dissipating a small fraction of its kinetic energy at each collision. 
Eventually it penetrates the detector carrying away significant amount of missing energy. 
This behavior is in contrast to the ordinary hadron which develops shower and exponentially 
dumps its energy in the calorimeter. The ionization energy loss of the charged R-hadron 



is calculated by the standard Bethe-Bloch formula [33] . Since the energy loss, —dE/dx is 
proportional to the inverse of f3 2 while the average hadronic energy loss per collision behaves 
like (AE) oc 7, the ionization plays a minor role for large (3 (> 0.9), however, it quickly 
dominates over the hadronic interaction as the R-hadron is slowed down 43j. The heavily 
ionizing track provides a characteristic signal of the slowly moving charged R-hadron. It 
is noted that even if the R-hadron is neutral it can change its identity in the hadronic 
interaction. If the neutral and charged states are both stable, it transforms from neutral to 
charged and vice versa along with its path (flipper scenario). 

Based on the careful inference about the nature of R-hadron as explained above, the 
pioneering work by [36( excluded the gluino mass range, 3 GeV < nig < 130 GeV at 95 % 
CL almost independent of P using jet+E* channel in LEP and Tevatron CDF RUN I, while 
50 GeV < nig < 200 GeV for P > 1/2 by a heavily-ionizing track search in Tevatron CDF. 
On the other hand, the analysis in |43J| emphasized a model independent role of the high 
monojet which is produced in association with the gluino pair. They obtained a conservative 
bound, m g > 170 GeV, independent of P using the Tevatron Run I data and projected it 
to nig > 210 GeV for Run II and m g > 1.1 TeV for LHC. They also estimated a reach 



33 



of the charged track search (P = 1) as m g = 270 GeV for CDF Run I with integrated 
luminosity 100 ps -1 , m g = 430 GeV for Run II with 2fb _1 and m g = 2.4 TeV for LHC with 
100 fb" 1 . More serious study on the R-hadron discovery potential in LHC ATLAS detector 
has been performed using the ATLAS fast simulation framework [38!]. They have taken into 
account the flipper behavior of the R-hadron and perform Monte Carlo simulation based on 
GEANT3. Using event selection with global event variables such as the missing transverse 
energy E't, the total sum of the transverse energy E^f 1 and the transverse momentum (py) 
measured in the muon chamber, they concluded that the R-hadron is discovered for the mass 
up to 1.4 TeV with the integrated luminosity 30 fm™ 1 . While the reach extends to 1.7 TeV 
if the time-of-flight information for slow-moving R-hadron between the muon chambers is 
used in the event selection in stead of E^t and ■ From these studies we can conclude that 
still the gluino LSP scenario of our interest has a considerable portion of parameter space, 
however, it will be fully examined in the relatively early stage of LHC. 

The stable R-hadron in cosmological time scale having electric or hadronic interaction 



wil 

3, 



conflict with various phenomenological constraints such as 



heavy isotope searches [52j, 



54j unless the relic abundance is sufficiently small [36|, |55|, [56] . An alternative interesting 
possibility is that the gluino is unstable but decays outside of the detector as in the split 
supersymmetry, which circumvents the cosmological difficulty but will not change the collider 
signature we have discussed above. A concrete example is given by the axionic extension 
of deflected mirage mediation as discussed in jl2|] . Because of the recursive nature of the 
mass spectrum of deflected mirage mediation with multi-thresholds, we can introduce the 
axion superfield S stabilized by the Kahler potential in addition to X without disturbing 
the low energy mass spectrum as long as (X) < (S) ~ M mir . The LSP is now axino, a whose 
mass is one-loop suppressed relative to the gauginos since there is no tree-level contribution 
from the superpotential. The next lightest supersymmetric particle (NLSP) is gluino, which 
decays to the axino via (S) -dependence in the gauge coupling constant introduced by the 
threshold correction. The corresponding interaction Lagrangian is given by 

a s N$ 1 - 

9 ~ ag = l6V2n (ff) a75 99lxv + ' ^ ' 



which yields the decay width 
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and the life time 



re a 9) - * 5.7 x 10-sec (^L)- 3 (j^) V, (96) 



where N& is the number of messengers coupling with the axion. For m g < 1 TeV and N$ ~ 1, 
most of the decay occurs outside of the detector and the discovery prospects discussed above 
is applicable. On the other hand, for m g > TeV or N$ 3> 1, gluinos decay inside the 
detector, which results in a displaced jet vertex with missing energy It would provide a 
clear signature and a similar experimental reach as in the case of the heavily ionizing track, 
although a detailed study in a realistic circumstance is mandatory for deriving any definitive 
conclusion. 

The relic axino abundance in deflected m irag e mediation with the gluino NLSP can 



be estimated by following the discussion in 



121 ] . As is well known, if we have a light 



modulus T as in (deflected) mirage mediation, its coherent oscillation dominates the energy 



density of the universe after the inflation [57|. Eventually it decays and produced entropy 



dilutes everything existed before. The saxion also oscillates, but it is harmless as long as 
(S) < 10 11 GeV since it decays faster than the modulus**. The reheating temperature of the 



modulus is estimated as 



12 



T R - (^) I/ W,0, 5G ev(^)- ,/1 ( T ^)-,, ^ 

where g*(T R ) denotes the effective bosonic degrees of freedom at T R for the energy 
density and d g is a model dependent parameter of order unity defined as d g = 
2(— 3<9t<9t* lnfl mo d) -1 ' 2 6^1n(Re(/ a )). It is marginally smaller than the thermal decoupling 



temperature of gluino |36|] 



Tp = mJx F « 6 GeV ( — ^ — ) . (98) 
91 V200GeV/ V ; 

Therefore the thermal relic abundance of gluino is not suitable to calculate the axino abun- 
dance. Actually, the dominant contribution to the axino relic abundance comes from the 
gravitino which is produced by the decay of the modulus [58J]. The gravitino decay eventu- 
ally produces at least one gluino (or axino) and hence one axino. The gravitino yield which 



W If the saxion oscillation dominates the universe, axions produced from its decay upset the successful 
prediction of Big Bang nucleosynthesis. Therefore axion can not be a dominant component of the dark 
matter in this scenario 12 1. 
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is conserved in the adiabatic expansion of the universe is given by 58] 

The gluino decay to axino potentially competes with the gluino annihilation. The per- 
turbative annihilation cross section in the zero relative velocity limit (ft = 0) is given by 
cx ann /3 ~ (17l7ra^/64m?) [36J. Then the inverse of annihilation rate is estimated as 

r ann - (™3/2 Cann 0) 1 - (^3/2 s(T 3/2 )cr ann /3) 1 

i-« >< I"' 5 - f^r V2 f^r)"' 2 f^) 2 V. (ioo) 



10 6 GeV/ V10 5 GeV/ V200GeV/ 
which is considerably larger than (196]) . Thus the annihilation is negligible and fl99l) gives a 
good estimation of the axino yield. Then the current axino density is given by 

(&m vt r^r*. don 



3M^ 2 ' VlGeV/V 10 J U0 6 GeV/ 
where so and Ho are the entropy density and Hubble constant of the current universe, 
respectively. Thus the axino, which has one-loop suppressed mass relative to the gaugino 
(~ 100 MeV), accompanied with the gluino NLSP can naturally saturate the observed dark 
matter density as discussed in [12] for other NLSPs. 



V. CONCLUSION 



In this paper, we have discussed the sparticle mass pattern in deflected mirage media- 
tion scenario of supersymmetry breaking, in which all of the three known flavor conserving 
mediations, i.e. dilaton/moduli, anomaly and gauge mediations, contribute to the MSSM 
soft parameters. Starting with a class of string-motivated effective supergravity models that 
realize deflected mirage mediation, we analyzed the renormalization group running of soft 
parameters to derive the (approximate) analytic expression of low energy sparticle masses 
at the TeV scale. We also discussed more detailed phenomenology of two specific examples, 
one with an accidental little hierarchy between m 2 Hu and other soft mass-squares and another 
with gluino NLSP, that can be obtained within deflected mirage mediation scenario. 

If some sparticles masses are in the sub- TeV range, the corresponding sparticles can 
be copiously produced at the CERN LHC, and then one may be able to measure their 
masses with the methods proposed in [60J. Our results then can be used to interpret the 

36 



experimentally measured sparticle masses within the framework of the most general flavor 
and CP conserving mediation scheme. 
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Appendix: 

In this appendix, we present the analytic expression of sfermion soft parameters including 
the effects of the top quark Yukawa coupling y t , when the moduli- mediated soft parameters 
of Qi = H u , q 3 , u 3 at M GUT do not satisfy the mirage condition (jFTj) . As the expression for 
generic deflected mirage mediation is too much involved, so not useful, here we present only 
the result in the mirage mediation limit without gauge mediation contribution. 

In the low tan/3 regime of the MSSM, neglecting the Yukawa couplings other than y t , the 
anomalous dimension of Qi reads 

7,0*) = 2Y,Ct{Qi)g 2 M + hy 2 M, (102) 

a 

where fcj is no n- vanishing only for Qi = H u , q 3 , u% having the top Yukawa interaction 

k Hu = -3, k q3 = -1, k U[i = -2. (103) 
Above the gauge threshold scale M$, the running top Yukawa coupling is given by 



y^M GUT )G(fi) 
l-^ y i(M GUT )G^y 



VtW = 3 2777 7777-7' ( 104 ) 
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where 



MrjvT f V V 



7T Z 



(105) 



with C t a = C%(H U ) + C^iqz) + C$(u3). Using this, we can find the analytic expressions for 
the sfermion soft parameters even when the mirage condition (jSTj) is not satisfied: 



Aijkiv) = Ajk - (h + kj + k k )(A HuqzU . A - M )p(/i) 



where 



Mn 



+ + 7fc0") ) In 



M miT 



m i M = rhi-ki (A Huqi 



M ) 2 



1 + 6p(/i) j + (m^ + mf L + mf R - M ( 



Mo 
4vr 2 



M o7i (/i) + ^(^^3 - M Q ) ( 1 + 6p(/i) )^(/i) 

2 



hi 



M„ 



In 



8tt 2 G(/i) 



(106) 



It is obvious that the above solutions reduce to (!58|) when the mirage condition (|57|) is 
satisfied. 
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